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ABSTRACT  
Synthesis of Single Wall Carbon Nanotube Arrays and Their Application in Single Molecular 
electronics  
Yuyao Shan  
 
Molecular electronics utilize molecular as building blocks to fabricate electronic components. 
Due to the advantage of its size, molecular electronics has been an attractive candidate for future 
electronics for a long time. However, there are major challenges to be solved before single 
molecular electronic device could be used widely. One of these challenges is the lack of high 
yield, low cost fabrication technique. Carbon nanotubes are new materials with great electronic 
conductivity and small diameter, etc. They are great candidate for the electrode of single 
molecular electronic devices.  
A great effort of this thesis has been devoted into the chemical vapor deposition (CVD) synthesis 
of carbon nanotube, especially the surface aligned carbon nanotube array on miscut quartz 
surface. A state of art recipe to synthesize carbon nanotube array on quartz with promising 
cleanliness, density, alignment and nanotube length has been developed. Two novel fabrication 
processes were proposed and tested to fabricate electrode for single molecule electronic devices 
with carbon nanotube array. In addition, a fabrication process to create large amount of identical 





Chapter 1 Introdcution to single molecular electronics ............................................ 1 
§1.1 Introduction ...................................................................................................... 2 
§1.2 Technical challenges ........................................................................................ 3 
§1.3 Current progress in the field ............................................................................ 4 
§1.3.1 Scanning probe microscopy (SPM) ....................................................... 4 
§1.3.2 Single molecular device by break junctions .......................................... 7 
§1.3.3 Irreversibly bonded molecular junctions ............................................. 10 
§1.4 Summary ........................................................................................................ 12 
§1.5 Structure of the thesis..................................................................................... 13 
Bibliography .......................................................................................................... 14 
 
Chapter 2 Theoretical analysis of carbon nanotube ................................................ 20 
§2.1 The carbon material ....................................................................................... 21 
§2.2 Carbon-carbon bond....................................................................................... 21 
§2.3 Graphene ........................................................................................................ 22 
§2.4 Single wall carbon nanotube (SWCNT) ........................................................ 24 
§2.5 Application of SWCNT.................................................................................. 28 
§2.6 Summary ........................................................................................................ 30 
Bibliography .......................................................................................................... 31 
 
Chapter 3 Theoretical analysis of carbon nanotube ................................................ 33 
§3.1 Introduction to nanotube synthesis ................................................................ 34 
 ii 
 
§3.1.1 Synthesizing type ................................................................................. 35 
§3.2 Chemical vapor deposition ............................................................................ 37 
§3.2.1 Growth mechanism .............................................................................. 38 
§3.2.2 Growth factors ..................................................................................... 39 
§3.2.3 The coupling of the growth factors ...................................................... 48 
§3.3 Directional controllable growth ..................................................................... 48 
§3.3.1 Flow aligned carbon nanotube synthesis ............................................. 49 
§3.3.2 Carbon nanotube array synthesis ......................................................... 52 
§3.3.3 Carbon nanotube array application ...................................................... 56 
§3.3.4 The mechanism of carbon nanotube directional growth ...................... 58 
§3.4 Experimental studies ...................................................................................... 62 
§3.4.1 Flow aligned carbon nanotube growth ................................................. 62 
§3.4.2 Surface aligned carbon nanotube growth ............................................. 68 
§3.5 Carbon nanotube array transfer ...................................................................... 81 
§3.6 Summary ........................................................................................................ 87 
Bibliography .......................................................................................................... 88 
 
Chapter 4 Theoretical analysis of carbon nanotube ................................................ 94 
§4.1 Introduction .................................................................................................... 95 
§4.2 Experiments ................................................................................................... 96 
§4.3 Results and discussion ................................................................................. 101 
§4.4 Conclusion ................................................................................................... 105 




Chapter 5 Theoretical analysis of carbon nanotube .............................................. 107 
§5.1 Introduction .................................................................................................. 108 
§5.1.1 Process and challenge of previous technique ..................................... 109 
§5.1.2 The use of the bending of the aluminum layer................................... 110 
§5.2 Experiments ................................................................................................. 113 
§5.2.1 Mathematical analysis ........................................................................ 113 
§5.2.2 Experiments and results ..................................................................... 120 
§5.3 The application of aluminum layer as a cutting mask to create gap ............ 121 
§5.4 Conclusion ................................................................................................... 124 
Bibliography ........................................................................................................ 125 
 
Chapter 6 Theoretical analysis of carbon nanotube .............................................. 126 
§6.1 Introduction .................................................................................................. 127 
§6.2 Experiments ................................................................................................. 128 
§6.3 Wet imprint technique for quartz ................................................................. 130 
§6.4 Oxygen plasma etching ................................................................................ 140 
§6.5 Results and discussion ................................................................................. 142 
§6.6 Conclusion and future work ......................................................................... 143 




List of Figures 
Figure 1.1 Single molecular junction device .................................................................. 2 
Figure 1.2 A schematic picture of the STM setup ........................................................... 5 
Figure 1.3 The STM in Venkataraman group at Columbia University ........................... 6 
Figure 1.4 A schematic picture of the CP-AFM setup .................................................... 6 
Figure 1.5 CPAFM measurement with bond and without bond ..................................... 7 
Figure 1.6 A schematic picture of the setup to create MCB junctions ............................ 8 
Figure 1.7 A SEM image of an Electro-migrated gap ..................................................... 9 
Figure 1.8 Self-assembled gap ...................................................................................... 10 
Figure 1.9 Gap in carbon nanotube fabricated by direct E-beam writing ..................... 11 
Figure 1.10 A schematic picture of the setup measuring the conductivity of a single DNA 
duplex bridging a carbon nanotube gap ........................................................................ 11 
Figure 1.11 UV sensitive device fabrication ................................................................. 12 
Figure 1.12 PH value sensitive device fabrication ........................................................ 12 
 
Figure 2.1 A schematic graphene lattice ....................................................................... 23 
Figure 2.2 The 3-D graphene energy dispersion ........................................................... 24 
Figure 2.3 A schematic diagram showing the geometric relationship between a sheet of 
graphene and carbon nanotubes .................................................................................... 25 
Figure 2.4 Band structure and Density of States........................................................... 27 
Figure 2.5 SEM images of the cryogenically cracked epoxy CNT composites ........... 29 




Figure 3.1 Industrial produced carbon nanotube .......................................................... 34 
Figure 3.2 Physical and chemical method to synthesize carbon nanotube ................... 35 
Figure 3.3 Guided carbon nanotube growth on Quartz ................................................. 36 
Figure 3.4 Carbon nanotube super growth .................................................................... 36 
Figure 3.5 Unguided carbon nanotube film growth ...................................................... 37 
Figure 3.6 Tip and root based growth mechanism ........................................................ 39 
Figure 3.7 SEM image of Cobalt film catalyst lines patterned on Quartz chip ............ 42 
Figure 3.8 Muller catalyst nanoparticle ........................................................................ 43 
Figure 3.9 Carbon nanotube array growth on mis-cut sapphire.................................... 52 
Figure 3.10 Carbon nanotube array growth on Y-cut quartz ........................................ 53 
Figure 3.11 Carbon nanotube array growth over a 4 inch wafer .................................. 53 
Figure 3.12 Most recent growth results from Rogers group at UIUC .......................... 54 
Figure 3.13 Most recent growth results from Liu’s group at Duke .............................. 55 
Figure 3.14 Most recent CNT array device made by Rogers group at UIUC............... 55 
Figure 3.15 Most recent CNT array device made by Liu’s group at Duke ................... 56 
Figure 3.16 Piezopotential gated nanowire-nanotube hybrid FET ............................... 57 
Figure 3.17 carbon nanotube as polarization-sensitive, molecular near-field detector 57 
Figure 3.18 Radio frequency analog electronic device ................................................. 58 
Figure 3.19 Quartz crystal direction ............................................................................. 58 
Figure 3.20 Quartz ........................................................................................................ 59 
Figure 3.21 Quartz phase transition .............................................................................. 60 
Figure 3.22 The alignment mechanism of carbon nanotube on top of Quartz.............. 62 
Figure 3.23 A schematic picture of the growth system ................................................. 64 
 vi 
 
Figure 3.24 Gas mass flow controller ........................................................................... 65 
Figure 3.25 LabView of the growth automatic control ................................................. 65 
Figure 3.26 Chip for flow alignment CNT growth ....................................................... 67 
Figure 3.27 Effect of amorphous carbon ...................................................................... 68 
Figure 3.28 Growth conditions study for CNT array synthesis .................................... 71 
Figure 3.29 Lithography method effect ........................................................................ 73 
Figure 3.30 Catalyst evaporation shadow mask ........................................................... 75 
Figure 3.31 Improved growth results ............................................................................ 76 
Figure 3.32 At lower temperature the CNTs grow cleaner but the density drops ......... 77 
Figure 3.33 Thicker catalyst layer (over 5 nm) the density of tube drops .................... 78 
Figure 3.34 Improved CNT array growth results .......................................................... 79 
Figure 3.35 CNT array transfer flow chart ................................................................... 81 
Figure 3.36 CNT array transfer: PMMA film floating in DI water .............................. 83 
Figure 3.37 CNT array transfer: PMMA film on silicon chip ...................................... 83 
Figure 3.38 CNT array transfer: PMMA baked on target chip ..................................... 84 
Figure 3.39 SEM image of transferred carbon nanotube array ..................................... 85 
Figure 3.40 Carbon nanotube array conductivity measurement ................................... 86 
 
Figure 4.1 A schematic picture of nanotube device fabrication process ....................... 97 
Figure 4.2 A schematic picture of self-aligned nanogap creation process .................... 98 
Figure 4.3 Lithography processes designed based on sacrifice layer PMGI .............. 100 
Figure 4.4 Gap created with Chromium ..................................................................... 101 
Figure 4.5 Nanotube devices SEM images ................................................................. 102 
 vii 
 
Figure 4.6 SEM and TEM images of nanogap ........................................................... 103 
Figure 4.7 A real nanotube devices covered by cutting mask with a nanogap ........... 104 
Figure 4.8 Backgate sweep of nanotube devices before and after cutting .................. 104 
 
Figure 5.1 Deformation of the undercut caused by the normal stress during E-beam 
evaporation and a slope of the wall in the cross-section created as a result ................ 111 
Figure 5.2 The SEM image of deformations of the undercut caused by evaporation .. 111 
Figure 5.3 A schematic picture of the evaporated edge .............................................. 112 
Figure 5.4 Long and uniform gap created by bending process of aluminum thin layer on 
PMMA during e-beam evaporation ............................................................................ 113 
Figure 5.5 A schematic picture of the size of the gap ................................................. 116 
Figure 5.6 FEM simulation of the gap generation process ......................................... 117 
Figure 5.7 Contour of the gap size as a function of the resist thickness and undercut length
..................................................................................................................................... 118 
Figure 5.8 an angled SEM image of a ~6.3 nm size gap (a ~6.3 nm size gap was generated by: 35 
nm thick Co-polymer, 20 nm 950K PMMA and about 100 nm size undercut) .......... 120 
Figure 5.9 Nanometer size gaps produced with different e-beam dosage .................. 121 
Figure 5.10 Optical image of the gold leads of the carbon nanotube array device ..... 122 
Figure 5.11 SEM image of the carbon nanotube array device .................................... 122 
Figure 5.12 AFM image of several gap created in the carbon nanotube .................... 123 
Figure 5.13 Back gate sweep of nanotube devices before and after cutting ............... 124 
 
Figure 6.1 A schematic picture of nanotube fabrication process ................................ 128 
 viii 
 
Figure 6.2 A cut carbon nanotube array ...................................................................... 130 
Figure 6.3 Optical image of the nanoimprint of the quartz with the light sink ........... 131 
Figure 6.4 Optical image of the nanoimprint of the quartz without the light sink ..... 132 
Figure 6.5 Optical image of the nanoimprint of the quartz with 1minute of prebake 133 
Figure 6.6 Optical image of the nanoimprint of the quartz with 10 secs of prebake .. 135 
Figure 6.7 Optical image of the nanoimprint of the quartz without prebake .............. 138 
Figure 6.8 AFM image of the nanoimprint of the quartz without prebake ................. 139 
Figure 6.9 AFM images of the carbon nanotube after cleaning process with up to 1minutes 
etching ......................................................................................................................... 140 
Figure 6.10 AFM images of the carbon nanotube after cleaning process with 30 seconds 
plasma etching ............................................................................................................ 141 
Figure 6.11 The AFM image of the carbon nanotube after cleaning process with 10 seconds 
plasma etching ............................................................................................................ 141 






List of Tables 
Table 1.1 Growth results of different conditions .......................................................... 80 
Table 5.1 PMMA thicknesses and undercut sizes geometry combination for nanometer size gap 






Five years ago, I came to Columbia University, wanted to pursue my PhD degree. There are a lot 
of dreams in my mind. Professor James Hone gave me a great opportunity with a welcome smile. 
As an advisor, Professor Hone never tried to force me to do anything. He has been guiding me 
with fully understanding and consideration. He is an amazing mentor not limited to academic. I 
could not imagine this five years without Professor Hone’s guidance and support. Thank you! 
Jim. Even though you treat your students like friends, in my heart, a Chinese saying is more 
appropriate, “He who teaches me may be considered my father-figure for life” 
All lab members have been giving me great support. Mingyuan Huang, thank you, I almost 
learned all nanofabrication technique solely from you. Thank you for helping me with 
experiments and teaching me quantum mechanics. Changgu Lee, thank you for teaching me how 
to use AFM and being a very reliable superuser on AFM. Rob and Bhupesh, thank you for 
teaching me how to grow nanotubes.  Matteo, it was a great pleasure working with you, and 
thanks for your support. Gwan, Arend and Amit, thanks for helping me with experiments and the 
writing of this thesis. Thank you, Xian, Anurag, Adam, Zhengyi, Saba and Nick. 
In the end, to my dad, my mom, my wife, my sisters and their family, for always ready to help 





































cs for a long











 of its size, m
 time. Many
ange of area
s [4, 5, 6, 7




































s been an at
essfully ma
ited to singl
r [8]. The m
evices. Seve













































achieved. In fact to better understand the electron transport in molecular electronic device, large 
amount of experimental measurement data is required. As a result, many experimental 
instruments have been adjusted and several fabrication processes have been developed to build 
the molecular junctions [13-50]. Despite of the various fabrication methods, the schematic 
structures of these devices are similar, that molecules are connected by a pair of electrodes.  
A theoretical explanation of electrons transfer across these molecular junctions has not been 
completely revealed. Often, the junction is separated into several energy barriers. Application of 
a voltage across the junction causes the electrons to cross these barriers (or tunnel through). A 
variety of electron transfer theories have been developed to explain the mechanism of these 
crossing, including: 1. Coherent Tunneling, 2. Incoherent Tunneling, 3. Hopping Mechanisms, 4. 
Poole-Frankel Effect, 5. Fowler-Nordheim Tunneling, 6. Schottky Emission. [12] 
 
1.2 Technical challenges 
However to experimentally measure the electrons transfer in these junctions is very challenging. 
The size of the molecule is usually within 10 nm. The fabrication process for a molecular 
junction is quite challenging. In fact, most of the time, the yield of any fabrication is not high 
enough to make enough number of devices. Due to the intrinsic limitations of most fabrication 
process, there are observable or unobservable defects in these fabricated junction devices. In 
order to exempt the defect data, a large amount of devices and measurements are necessary to 
achieve a careful statistical analysis. In addition, good contact is very important to large scale 
systems. In current molecular electronic system, the molecular to electrode contact does not meet 





1.3 Current progress in field 
Currently, most of these junction devices are fabricated with gold electrodes. First two adjacent 
gold contacts are fabricated with a gap of about the size of a molecule. Then the molecules are 
placed in between. These technologies can be divided into two categories: 1. Scanning probe 
microscopy measurement, where large amount of data could be measured at relatively short time. 
2. Single molecular breaking junctions, where a device with a single molecule bridging the 
junction could be fabricated. 
 
1.3.1 Scanning Probe Microscopy (SPM).  
Scanning probe microscopy can be in the form of scanning tunneling microscopy (STM) and 
conducting probe atomic force microscopy (CPAFM). In STM a tunneling current is measured, 
while in CPAFM the tip is pressed onto the molecule with a controllable pressure, and electrons 
transfer through a bond formed between the tip and the molecule. The advantage of SPM is that 
it is very easy to make contact and gather large amount of data for statistical study. But, it is very 
hard to add a gate to this kind of system and to integrate into other systems. 
 
1.3.1.1 Scanning tunneling microscopy 
Two kinds of STM setups were used to measure single molecule devices [13-29].  In the first 
setup, a STM tip scanned over the surface and located an isolated molecule. In fact, in order for a 
molecule able to be measured by a STM, usually a self-assembled monolayer is used to dilute 
and isolate the target molecule. After the form of the SAM on the substrate, the target molecules 
can be inserted as a defect of the monolayer (shown in Fig. 1.2). The molecules form bonds 
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were introduced. For SPM instruments, it is hard to add a gate to the junctions, and hard to be 
integrated into other applications. For the gold break junctions the limitations of gold electrodes 
and the fabrication processes limited the application and development of the single molecular 
junctions. A better solution was proposed by using carbon nanotube as the single molecule 
junctions. However, the current fabrication process has a very low yield, and can’t fabricate a 
gap with well-controlled size. In this work, several new fabrication processes that can create gap 
with much controllable size and with magnitude higher yield based on carbon nanotubes are 
introduced. 
 
1.5 Structure of the thesis 
The research effort of this thesis was focused on the synthesis of carbon nanotubes especially the 
single wall carbon nanotube array and the application of these array in molecular electronics.   
In chapter 2, the theoretical analysis of carbon nanotube was introduced. In addition, the reasons 
why carbon nanotubes were selected as electrodes for molecular electronic devices in our 
research were explained in detail.  
In chapter 3, the synthesis of flow aligned carbon nanotube and surface aligned carbon nanotube 
arrays are discussed in depth. A state of art carbon nanotube array synthesis platform was built. 
And stable and promising synthesis results were achieved.  
In chapter 4, a new fabrication process employing a self-assembly gap creation in carbon 
nanotube is introduced and the promising results were displayed.  




introduced in chapter 4, is introduced and studied.   
In chapter 6, a fabrication process to create large amount of identical length of carbon nanotubes 
was introduced and studied.  
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2.1 The Carbon material  
Since its evidence of existence of multi wall version in 1991 by Iijima [1] and single wall version 
in 1993 [2], carbon nanotubes have been intensively studied by researchers [3, 4, 5, 6] for more 
than two decades. In fact, carbon is one of the most abundant materials in this world. It is the 
base element of all organic materials. There are several allotropes of carbon including graphite, 
diamond, and amorphous carbon. 
 
2.2 Carbon-carbon bond 
Generally, carbon, as a member of group 14 on the periodic table, has six electrons which 
occupy 1S2, 2S2 and 2p2 atomic orbital in each atom. It can hybridize in sp, sp2 (graphite) or sp3 
(diamond) forms. The ground state configuration of carbon is: 
 
In a hybridization, the first step is the excitation of one of the 2s electron into a 2p orbital. 
  





For sp2 hybridization: the remaining 2S orbital mixes with two of the three 2p orbitals. 
  




In a graphene sheet, three electrons are dedicated to form sigma bonds due to the sp2 
hybridization with the last one forming a pi bond with adjacent carbon atoms. Sigma bonds are 
the strongest type of covalent chemical bond. The mechanical properties of graphene and carbon 





Fig. 2.1 A schematic graphene lattice, including: real space (basis atom A and B. real space unit 
vectors a1 and a2) and reciprocal space (reciprocal unit vectors b1 and b2, high symmetry points 
Г, K, M) 
 
Fig. 2.1 shows a schematic graphene lattice. To further study the properties of the sp2 
hybridization, unit vectors for the graphene in both real space and reciprocal space was 
constructed. In Fig. a1 and a2 are the unit vectors for real space. Fig. shows the unit cell and the 
Brillouin zone of graphene; and b1 and b2 are the unit vectors in reciprocal space. The unit 
vectors in real space are defined as: 
 
Where “a” is is the lattice constant defined as √3aC-C where aC-C is the carbon-carbon bond length 
with a value of 0.144 nm. By using tight binding theory, the approximate energy dispersion 
relation for pi-orbitals can be calculated by the following equation [8]: 
 
Fig. 2.2 shows the energy dispersion for graphene plotted in the Brillouin zone using equation 
1.2. Both the anti-bonding orbital (upper) and the bonding orbital (lower) are shown in the 
picture. The bonding and anti-bonding bands are degenerate at the K points in the Brillouin zone, 
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Fig. 2.6 SEM and AFM picture of a carbon nanotube FET [17] 
 
2.6 Summary 
The pi-bonding network in carbon nanotube provides great conductivity for the 1-D conductor. 
The diameter of a single wall carbon nanotube is usually between 1 nm and 2 nm. As a result, 
when a gap is created in the carbon nanotube, only several well-defined reaction sites could be 
attached to target molecules. In addition the covalently bond with the molecule provide a firm 
connection and better electrode to molecule conductivity. As a result, a carbon nanotube 
becomes one of the best candidates for the electrodes of single molecule junction device. In 
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3.1 Introduction to nanotube synthesis 
Carbon nanotube has been available as a laboratory and industrial product for more than a 
decade. Multi wall carbon nanotube was firstly found in 1991 [1], while single wall carbon 
nanotube in 1993 [2]. Due to its excellent physical and chemical properties, great effort has been 
devolved into the research to synthesis CNTs faster, cleaner and cheaper [3-15]. Besides bulk 
product for new material composition, various forms of carbon nanotube have also been found, 
including carbon nanotube dense arrays [16, 17], film [18], forest [19], serpentine structure [20] 
and so on. During the synthesize process, the over-saturation of the catalyst nanoparticles with 
carbon atoms results in the production of different type of molecular carbon species, like 
graphitic carbon, carbon filaments, multiwall carbon nanotubes, single wall carbon nanotubes 
and most recently, graphene. However reliable industrial manufacture process to produce high 
purity carbon nanotubes is still being developing. Fig. 3.1 shows the industrial produced carbon 
nanotube. 
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Fig. 3.5 Unguided carbon nanotube film growth [18] 
 
In all current carbon nanotube synthesizing method, both semiconducting and metallic carbon 
nanotubes are synthesized simultaneously. Ideally the growth could be categorized into selective 
growth where only semiconducting or metallic carbon nanotubes grow and unselective growth 
where both kinds of carbon nanotubes will be synthesized. Even though great research effort has 
been devoted into developing a selective growth, and several selective growth results have been 
reported [52, 53, 54], still a reliable and highly repeatable selective growth method with high 
semiconducting or metallic carbon nanotube purity is not found yet. 




CVD is a chemical process to deposit desired material onto a substrate from the decomposition 
or reaction of precursor. After the first successful CVD growth of carbon nanotube, most of the 
research institutes have the CVD system built because of the low cost, high robust properties of 
the system, and the less defect density and amorphous carbon content of the synthesized carbon 
nanotube. The high carbon nanotube growth temperature requires that the CVD process to be 
achieved in a quartz tube inside furnace, which helps reaching the decomposition temperature of 
the carbon precursor. Since the carbon nanotube could be etched away by oxygen in air. So a 
close gas circuit with reliable sealing is very important. Then a gas flow will carry the carbon 
precursor into the circuit and reach the substrate, which usually heated to a temperature above 
800 degree C. The carbon nanotube CVD is a very robust and fast process, at the target 
temperature, with enough feedstock; a single tube could reach to millimeter or centimeter [22] 
within one hour. After the CVD process the circuit is usually keeping flushed with inert gas 
while the temperature decreasing. A temperature below 200 degree C is good to get the carbon 
nanotube out of the reaction chamber. In fact, at a higher temperature, the oxygen from the air 
could add defects into the carbon nanotube. 
 
3.2.1 Growth mechanism 
Due to the limitation of current experimental tools, the exact dynamics and mechanism of carbon 
nanotube growth is still not understand completely. However, researchers have developed 
several hypotheses to explain the physical and chemical reaction during the carbon nanotube 




metal nanoparticles. And when the transition metal nanoparticles get saturated by carbon atoms, 
a structure similar to fullerene will be formed on the surface of the nanoparticles [23]. This is one 
of the closing ends of the carbon nanotube, if we consider the carbon nanotube as a pipe with 
two closing ends. As the carbon atoms continue to dissolve into the catalyst particles a pipe 
structure start to form following the closing end. There are two types of hypotheses to explain 
the dynamics during growth in a CVD procedure as shown in Fig. 3.6 [24, 25]. One is tip-based 
growth where the catalyst stays on top of the substrate and the nanotube grows from it like a 
plant. The other is root-based growth, that during growth the catalyst particles flow in the feed 
stock gas, leaving a growing carbon nanotube behind it. Evidences for both hypotheses have 
been found, so the carbon nanotube growth could be achieved by both dynamic procedures. 
 
Fig. 3.6 Tip and root based growth mechanism [56] 
 
3.2.2 Growth factors 
The CVD growth of carbon nanotube is affected by several factors during the process. In the 




and CVD equipment. In growth material, the effect of catalyst, precursor, and substrate on 
carbon nanotube synthesize is discussed. And in the growth condition, the effect of chamber 
temperature and flow rate on the synthesize results is introduced. Then in CVD equipment, the 
influences of the flow stability and thermal stability are discussed. 
3.2.2.1 Growth material 
Whether it is a tip-based growth or root-based growth, during the synthesize process, the carbon 
atoms needs to be provided to the catalyst particles on target substrate. And these carbon atoms 
are usually carried to the catalyst particles by a combination of inert gas (Argon) and Hydrogen 
in the form of a preselected carbon precursor.  
3.2.2.1.1 Substrate 
The substrate for carbon nanotube growth is usually silicon dioxide or silicon nitride. Actually 
pure silicon surface is not ideal for synthesize carbon nanotube. One explanation could be that 
the mobility of the catalyst particle on the silicon surface is very low. And this will decrease the 
kinetic of the CVD reaction [26]. For the flow directional growth, depends on the location where 
the nanotubes start to grow, the surface could affect the growth differently. For the long tube, 
since most of the tubes grow from the edge and float far away from the surface during the growth 
procedure, the condition and cleanness of the substrate does not affect the growth much. Actually 
the nanotube could climb over etched steps on the substrate surface. For short tubes that grow on 
the surface, the particles on the surface could interrupt the growth easily. For the surface 
directional growth, the lattice on the surface controls the direction of the growth. The detail 




on the substrate could affect the grow result since during the synthesize process almost every 
tube float near the surface, so even a nanometer could stop the growth or change the direction of 
the growth. 
3.2.2.1.2 Catalyst 
It has been widely accepted that there is strong dependence of CNT diameter on the catalyst 
particles size. In addition control the catalyst could control the location of carbon nanotube etc. 
So a detailed discussion of how catalyst could influence the carbon nanotube growth is given in 
this part.  
According to our understanding of the mechanism of carbon nanotube CVD growth, there are 
several requirements for a material to be carbon nanotube catalyst. It has to have high carbon 
solubility, high carbon diffusion rate and high melting temperature. As a result, Fe, Co, Mo, Ni, 
Cu, Au, etc. [27, 28, 29, 30, 31, 32] have been fabricated into pure or alloy nanoparticles to 
provide as catalysts. In fact there are two common ways to get nanoparticles for carbon nanotube 
growth. First is though evaporated metal film. For example 1~3 nanometer thick of Co is usually 
evaporated onto silicon wafers before growth. And in pre-baking procedure in air during the 
growth, the thin metal film could self reorganize and form an in-continuous layer of Co particles 
with a nanometer size diameter. And when carbon feedstock is provided, those metal particles 
with diameters similar to carbon nanotubes could start growing tubes. The advantage of the 
metal film method is that, this process is very robust and repeatable. Especially for carbon 
nanotube array synthesize on top of quartz, because for array growth we need large quantity of 




we need the nanotube to be isolated with each other, the high catalyst density from the metal film 
method is not ideal method. Secondly the metal catalyst could be got from metal salts. Usually 
the metal is chemically inserted into stable nanoparticle complex, which is solvable and does not 
agglomerate easily in solution.  
To better control the location of carbon nanotube, various ways are used to place the catalyst 
particles on substrate. The most common ways are lithography, shadow mask, and directly 
deposit with handy tools like airbrush or wooden stick. For metal film method both photo 
lithography and shadow mask could be convenient methods to place catalyst. However since any 
nanometer size metal particle contamination could result a nanotube contamination growth, so 
shadow mask could be a cleaner way to control catalyst nanoparticle placements. Fig. 3.7 shows 
the Co catalyst patterned by shadow mask.  
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3.2.2.1.3 Carbon Precursor 
The process of carbon nanotubes CVD growth needs the carbon atoms to be provided to the 
catalyst particles in a gas phase feedstock. Since a lot of small molecular weight hydrocarbon 
material could be self-decomposed or decomposed with catalysts, they are all potentially good 
candidate for carbon nanotube CVD feedstock. In fact, since the success of the first carbon 
nanotube CVD synthesis, engineers and researchers have been trying different kinds of small 
molecular weight hydrocarbon materials. Among them are: Ethanol (C2H5OH) [33], Methane 
(CH4) [34], Methanol (CH3OH) [35], Ethylene (C2H4) [36], Acetylene (C2H2) [37] and 
benzene (C6H6) [38]. In addition other small molecular gas with carbon element is also 
considered for example carbon monoxide (CO) [39]. However to get a better and cleaner growth, 
the decomposition rate of the feedstock should be carefully considered. Since too much of 
decomposition could cause the poisoning of catalyst particles or could result at very dirty carbon 
nanotubes. As a result, different nanotube growth temperatures are selected when the feedstock 
are different. In this work, most of the carbon nanotubes are grown with C2H5OH as feedstock. 
Since the decomposition temperature is about 800oC, and temperature over 900 degree C could 
accelerate the feedstock decomposition rate dramatically, so usually the growth temperature is 
select between 850 and 900 degree C. 
 




The CVD growth of carbon nanotube is very robust. With catalyst particle and carbon feedstock 
provided, carbon nanotube could be easily synthesized. For example Nanotubes can be grown in 
a very wide temperature range: from 550oC to 1000oC. However only when the growth 
conditions are well studied and controlled, high quality carbon nanotubes could be synthesized. 
The two most important growth conditions are temperature and flow rate. 
3.2.2.2.1 Temperature 
The CVD process of carbon nanotubes is endothermic reaction. In an endothermic reaction high 
temperature usually provide energy to ensure the continuous of the reaction. So the temperature 
highly affects the reaction kinetics. In addition, the higher temperature also accelerates the 
decomposition rate of the carbon precursor. In given time, more carbon could be provided to the 
catalyst particles. But if the temperature is too high, the carbon atoms could easily overwhelm 
the catalyst and the reaction will be shutdown, which means the catalyst particles are poisoned. 
The growth could be controlled not only by the temperature but also by the ramping rates of the 
temperature. For example, Liu’s research group at Duke University has shown that fast heating 
[40] of the growth tube produces long and aligned CNTs. This was attributed to the effect of 
temperature on the flow conditions near the surface that cause catalyst particles to leave the 
substrate and grow long tubes. The ramping rate could also harm the carbon nanotube growth. 
During the synthesis of carbon nanotube arrays on quartz, the temperature ramping rate, both 
increasing and decreasing must be well controlled, because the sudden temperature change could 
generate defects in the quartz substrate, and break it and destroy the growth instantly. 




The gas flow rate could affect the carbon nanotube growth by three means. Firstly it flows 
through the bubbler where the carbon feedstock joins the main gas flow. So a higher flow rate 
will carry more carbon into the reaction chamber. This means that more carbon will be available 
in the reaction chamber. If too much carbon atoms are not consumed by the reaction, then the 
synthesized carbon nanotube could be covered by the more amorphous carbon. Secondly the 
velocity distribution in the gas flow could affect the length of the synthesized carbon nanotube. 
One explanation could be that, in the surface directional growth on a quartz substrate, the carbon 
nanotube grows float near the surface. The slower the flow rate is, the longer the nanotube could 
grow. But a higher flow rate could create a local turbulence. And the turbulence could interrupt 
the growth. Then the length of the grown carbon nanotube will be very short. On the other side, 
for the flow directional growth, the carbon nanotube needs the boundary layer created by the 
velocity gradient to carry itself for longer growth. If the flow rate is very low, then the laminar 
flow boundary layer is too thin. And the carbon nanotube growth could be interrupted by the 
particles or geometry defect of the substrate. Then the length of the carbon nanotube will be very 
short too. Thirdly, the flow rate could affect the direction of the growth. First for the surface 
aligned growth, the substrate surface lattice controls the direction of the carbon nanotube growth. 
If the flow rate is too high then the flow rate could affect the growth direction of the carbon 
nanotube. This could disturb the surface directional growth. However, the combined growth is 
not always harmful. In fact the serpentine carbon nanotube on top of quartz is achieved by 
making the flow direction perpendicular to the surface lattice controlled growth direction. On the 
other side for flow directional growth, when the flow rate is high enough the nanotube will grow 
along the flow direction and could achieve a super long growth. This effect of flow conditions on 




to experiment observation, long tubes are regularly seen to grow more from wafer edges than the 
middle of the wafer. On explanation could be that the edge is where the boundary layer starts to 
grow, so it is easier for tubes to reach a higher layer within this boundary when it starts from the 
edge. And when the nanotubes grow further from the surface, there is a smaller chance that the 
growth will be interrupted by the substrate surface condition.  
3.2.2.3 CVD equipment 
In an ideal scenario, the gas pressure in the CVD chamber is steady and the feedstock flow rates 
are well controlled by the flow meter the temperature in the reaction chamber is constant and 
stable. However, there are several factors that make the ideal condition very hard to get. First the 
exhaust is usually connected with a common outlet of the facility where the equipment locates. 
For example the outlet of the growth system in this work is connected with the Columbia 
University gas outlet. The backpressure is influenced by the equipment and the flow condition in 
the whole facility. An unsteady backpressure could create local turbulence and disturb the carbon 
nanotube growth. To decrease the effect of the backpressure, usually two approaches could be 
taken: a well-controlled vacuum system to maintain the chamber pressure, or a downstream 
bubbler to damp the disturbance in the backpressure. Second is the disturbance from the flow 
meter. To get a better growth, an industrial high standard flow rate controller is selected. Third is 
the temperature in the reaction chamber. To get a better-controlled growth, an oven with long 
uniform temperature length is needed. Especially the gas need to be fully heated before reach the 
catalyst where the flow boundary layer is developing to eliminate the influences of thermal 
instability. Also a larger chamber could better maintain the temperature stability. So in this work 





3.2.3 The coupling of the growth factors 
The adjustment of each growth factor could affect the growth result. However, the real growth 
conditions are usually selected by considering the combining effect of different growth factors 
instead of separately. For example, to achieve a high growth rate, high temperatures are first 
considered. But a high temperature can initiate self-dissociation of gases, which can cause 
catalyst poisoning, or amorphous carbon contamination. So usually a combination of moderately 
high temperature with a relatively high precursor partial pressure is considered, because a higher 
precursor partial pressure could also help increase the reaction rate.  And the precursor partial 
pressure can be controlled by the temperature of the bubble where the inert gas mixed with the 
carbon precursor. 
In another scenario, one growth factor could affect two growth results differently. For example, 
in a directional carbon nanotube array growth on quartz, usually we need high growth rate that 
require high feedstock flow rate, and low flow directional effect that require low feedstock flow 
rate. Then both results have to be considered and a moderate value of feedstock is selected by 
balancing both results. Another example, a high temperature could result at higher growth rate 
but high amorphous carbon contamination at the same time. So when both high growth rate and 
cleanness are required, a moderately high temperature is selected. 




As we discussed chemical vapor deposition (CVD) is a common method for the synthesis of 
carbon nanotubes. Controlled directional single-walled carbon nanotube (SWNT) CVD synthesis 
has attracted a lot of research attention, since its preordered carbon nanotube on substrate. And it 
has been achieved by several techniques, of which two particular guided growth are of our 
interests. One is the long carbon nanotube growth directional controlled by gas flow. The other is 
directional controlled by the surface crystalline alignment on substrates for example ST cut 
quartz. 
3.3.1 Flow aligned carbon nanotube synthesis 
Gas flow condition is one of the most important growth factor in deciding the length and 
alignment of CNTs during CVD growth. The directional controlled by the feedstock gas flow has 
been achieved and widely applied on all kinds of substrates with predesigned geometries. As we 
discussed, when feedstock gases flow over the substrate, a boundary layer starts forming from 
the edge of the substrate. The boundary layer is very thin at the beginning. And it is very easy for 
the carbon nanotube to reach a higher layer with in the laminar boundary layer. And the carbon 
nanotube could grow staying further away from the substrate, without the disturbance of the 
substrate surface geometry. This intrinsic property of the alignment mechanism assists very long 
carbon nanotube synthesis. Ultra long carbon nanotube with about 10-20 cm has been achieved 
with this direction control method. Thus, the horizontally aligned ultra-long SWNT from those 
growths provide possible devices to study the electronic property of carbon nanotubes etc.   




Assume it is an ethanol CVD growth with a muller catalyst on top of the silicon wafer covered 
by silicon dioxide, and the process is done in a 1 inch diameter quartz tube. The substrate holder 
is about 8 inches long and the length from the upper stream on the substrate holder to the first 
substrate is about 3 inches. And the total flow rate is 300 sccm, which is reasonable since in most 
of growth in this work, the feedstock gas consists of about 200 sccm of Argon and 100 sccm of 
Hydrogen. So the average gas velocity is about 15 centimeter per second. And if we assume that 
the flow of the feedstock gas in the quartz tube with the substrate hold could be regard as flow 
through a duct.  
The Reynolds number for this flow condition is: 
R = rho V D / miu 
Rho is the density of Argon and Hydrogen mixture at about 860 degree C 
V is the average velocity of the gas mixture at about 860 degree C 
D is the characteristic length of the duct 
Miu is the dynamic viscosity of the gas mixture at about 860 degree C 
We get a value of less than 400, which means the flow is in laminar flow region. And when the 
flow reaches the substrate, the entrance length of the laminar flow in the duct at these conditions 
is: 




We get a value of 0.6. So if we assume the substrate is thin enough and neglect the influence of 
the disturbance by the substrate. And we could get that during the growth the boundary layer is 
far from fully developed that means when the carbon nanotubes start to grow from the edge of 
the substrate, and as the laminar flow boundary starts to increase. During the developing of the 
laminar boundary layer, there is a velocity component pointing to the center of the duct for the 
gas flowing through the growth chamber. And this velocity component could lift the carbon 
nanotube away from the substrate.  And the carbon nanotubes will be following the velocity 
trajectory of the gas in the boundary layer. So the influence from the substrate surface could be 
decreased. And the growth direction of the carbon nanotube could be well controlled by the flow 
in the boundary. A mathematical modeling and simulation has been done by Bhupesh. And the 
experimental SEM image and the simulation result agree with each other very well.  
With the flow rate alignment condition, the nanotube could grow long and along a controlled 
direction. However, most of the long tubes grown are a bundle of several carbon nanotubes.  
This result was confirmed by the Rayleigh spectroscopy study.  
Several approaches can be used to increase the yield of single carbon nanotubes. One is to 
control the total number of carbon nanotube grown on the substrate by controlling the total 
number of catalyst particles. In fact if less carbon nanotubes are synthesized on the substrate, 
then there is more chance that the carbon nanotube could be single. Muller catalyst was chosen 
to decrease the total number of catalyst since it can be controlled by dilute the solution of it. And 
the addition of polymer into the final catalyst solution could prevent the Muller catalyst particles 
from agglomerating with each other. As a result the catalyst particles deposited on the substrate 




from these nanoparticles will be far away from each other. However, it was found that the tubes 
still get bundled. First, as discussed before, during the prebake of the CVD process the polymer 
mixed with the metal nanoparticles will first melt, flow freely on the substrate and then etched 
away by oxygen. So Even though the polymer helps prevent the catalyst nanoparticles to 
agglomerate in the solutions, it could not eliminate the coffee stain effect. Second it is very hard 
to keep the substrate completely flat and clean. A disturb of the boundary layer caused by large 
dust could bundle two adjacent tubes together. Third, the irregular edge also caused the 
nanotubes to bundle together. The edge of the substrate is usually very rough since it is cut by 
diamond scriber. And the edge is where most of the long carbon nanotubes grown from. With the 
disturbance of the rough edge where the boundary start to form and is very thin, most of the 
tubes started to bundle together at the edge very easily. 
3.3.2 Carbon nanotube array synthesis 
The directional controlled by the surface crystalline alignment has been achieved on several 
kinds of substrates, such as miss cut sapphire and ST-cut quartz. The horizontally aligned SWNT 
arrays from those growths provide possible application of carbon nanotubes in devices, including 
transistors, light-emitting diodes, sensors, etc.  
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3.3.4.2 Phase transition of Quartz during carbon nanotube synthesis 
The carbon nanotube chemical vapor deposition is under a high temperature of about 870~900 
degree C. Fig. 3.21 a) shows that the quartz under this condition is no longer alpha quartz Fig. 
3.21 b) which is its stable phase under atmospheric condition. However it takes days to weeks to 
accomplish the transformation from beta quartz Fig. 3.21 c) to tridymite, so it is reasonable to 
assume that the material stays to be beta quartz during the growth of carbon nanotubes. By 
analyze the atomic layout of the alpha and beta quartz. The beta quartz has higher degree of 
symmetry than the alpha quartz. However, we could confirm that the alignment direction of both 
alpha and beta quartz are the same. Since the transition of the quartz happens during the growth 
procedure, and in that process stress could accumulate and the quartz could be broken by its 
stress. The heating process should be slow. 
 
(a)      (b)   (c) 
Fig. 3.21 a) Quartz phase transition b) alpha quartz c) beta quartz 




Xiao (2009) [42] reported the most promising theory to explain the alignment mechanism by 
building a mathematical model. The theory begins with molecular mechanics simulations based 
on empirical interatomic potentials to obtain the VDW interaction energies for SWNT sitting on 
Y cut quartz. The SWCNT is treated as a continuous cylinder. The analysis shows that the 
chiralities of the SWCNT have negligible effect in their interaction energies with the substrate. 
The interactions between atoms from carbon nanotube and atoms from the quartz were 
represented by the Lennard-Jones potential [42] 
 
Where r is the distance between two atoms, σ and ε are constants with different value when 
representing interaction between different atoms combination. For a long SWCNT sitting on top 
of the quartz surface, the VDW interaction between each atom in the substrate and the entire 
SWNT can be calculated by summation of V(r) over all carbon atoms, or by integration over the 
SWNT surface [42] 
 
Where ρ is the carbon atom density. And the above integration is obtained analytically. The total 
van der Waals energy of the system can be calculated by the summation of φ for all the silicon, 
oxygen, and hydrogen atoms in the substrate. The values of 1) SWNT orientation, 2) distance 
between the SWNT axis and the substrate surface, 3) the shift along the substrate, normal to the 
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The carbon nanotube grown from the flow aligned carbon nanotubes could be long and well 
aligned and single if the growth conditions are well controlled. These long carbon nanotubes are 
good candidates for analyzing the electronic or photonic properties of carbon nanotube, 
especially for analyzing the relationship between the physical properties and the chirality of the 
carbon nanotubes. However, when the growth conditions are not well studied, these carbon 
nanotubes could also be bundled, very dirty, contaminated by amorphous carbon generated 
during the growth process.  
As shown in the previous discussion, the growth factors of carbon nanotube CVD are 
complicated and coupling together. For each specific required growth result, the process needs to 
be studied well to optimize the growth results according to requirements of different projects. 
This project is to develop reliable recipe to produce flow alignment carbon nanotube, and 
provide sufficient carbon nanotubes for other research topics.  
3.4.1.2 Growth system setup  
The CVD growth system usually consists of gas supply tanks, the flow rate controller, the 
precursor bubbler, a quartz tube, the oven to control the reaction temperature in the quartz tube, 
the backpressure controlling bubbler, and the pipe connecting each of these components. As we 
discussed previously the flow and temperature stabilities are critical for long tube growth. So 
industrial high standard flow rate controllers: () are selected to control the flow rate. Unlike most 
of the CVD system in research institutes, an oven with about 1 meter working distance is 
selected to control the temperature. In fact, Oxygen diffusion through sintered polymer tubes 
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In flow alignment carbon nanotube growth, since the growth direction, nanotube length, tube 
bundling are mainly controlled by the feedstock flow, developing an understanding of the 
nanotube growth dynamics and its relation with local flow conditions helped in achieving 
unbundled, straight and clean single wall carbon nanotubes. Also the coupling effect of 
temperature and flow rate should also be taken into consideration to achieve a better growth 
control. As a result, the first goal of the flow aligned growth project is to develop a reliable 
growth recipe to produce clean, long and single carbon nanotubes. 
The carbon feedstock Ethanol was carried into the reaction chamber by a mixture of Ar and 
Hydrogen gas. The flow rate of ethanol carried into the chamber is controlled by two means, first 
the flow rate of the carrier gas, second that the bubbler was immersed in an ice bath which 
controls the ethanol partial pressure. It has been shown that the catalysts of evaporate metal films 
usually gives bundled carbon nanotubes. In order to solve this problem Muller catalyst was 
prepared and applied for carbon nanotube growth. The catalyst nanoparticle consisted of Fe and 
Mo atoms. The detailed structure was discussed in [49]. 
To achieve a statistics study a total of about 300 carbon nanotube growths have been conducted. 
Various imaging techniques, such as Atomic Force Microscopy (AFM) and Scanning Electron 
Microscopy (SEM), are used frequently for characterizing grown nanotubes. However, these 
imaging techniques have big error margins in measuring nanotube diameters and cleanliness. As 
a mater of fact, the SEM itself could deposit contamination onto the growth tubes. And since a 
Rayleigh spectroscopy system was developed at Columbia University, so most of the in depth 
characteristics study was conducted on the Rayleigh system. In order to do so, the chip where the 
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The carbon nanotube arrays grown from the surface aligned mechanism could be long, well 
aligned and with extremely high density, if the growth conditions are well controlled. These long 
carbon nanotubes are good candidates for electronic devices on flexible substrate, high frequency 
electronic devices etc. In addition, they are great candidate for scaling up carbon nanotube device 
fabrication. However, as we discussed previously, since the surface alignment mechanism could 
be disturbed by a nanometer size particle on the surface or a small local turbulent in the feed 
stock gas flow. It is critical to study and carefully control the synthesis condition to get high 
quality carbon nanotube arrays. This project is to develop reliable recipe to produce quartz 
surface alignment carbon nanotube array.  
3.4.2.2 Growth system setup  
The CVD growth system of the surface alignment tube is similar to the one for flow alignment 
carbon nanotube growth. However, since the surface alignment carbon nanotube growth has a 
higher requirement of the temperature uniformity, an oven with larger working power is selected. 
And a 2 inches quartz tube is selected accordingly. 
3.4.2.3 Growth conditions for flow aligned  
During this study, imaging techniques such as Atomic Force Microscopy (AFM) and Scanning 
Electron Microscopy (SEM) are used to characterize the synthesized carbon nanotube arrays. 
The analyses were mainly focus on the density, length and alignment of the carbon nanotube 
arrays. The following factors are studied: 




2. The growth temperature  
3. The feed stock flow rate. 
The effect of each parameter change on the resultant CNT growth is observed and recorded. And 
growth conditions have been modified accordingly. In this work, a total of over 500 individual 
growths have been conducted. 
Ethanol carried by Ar and H2 is introduced to the growth chamber as a carbon feedstock. Unlike 
the flow alignment growth, the bubbler is not placed in an ice bath, since as we discussed, in this 
growth we need the feedstock flow rate to be as low as possible, however to give a sufficient 
supply of carbon a higher Ethanol saturation partial vapor pressure at room temperature is 
needed.  
The quartz wafers were directly ordered from Hoffman Material Inc. with one side polished for 
growth. There is no need of further treatment of the quartz wafer. However, since a 2-inch quartz 
tube is selected as the reaction chamber, the quartz wafers need to be cut into small pieces. 
Commercial wafer cutting machine could contaminate the wafer because oil was used. So in this 
work all growth wafers was cut by hand and diamond scriber. But unlike cutting silicon wafers, 
the cutting should be done on the unpolished side to avoid adding defect into the growth surface 





Fig. 3.28 Growth conditions study for CNT array synthesis 
 
As shown in Fig. 3.28 a preliminary growth result was achieved by employing 
1) long catalyst lines with designed width were placed onto the chip by line pattern 




2) A growth conditions was get from communication with professor Sookwoo 
 
It can be seen that a very low level of directional control was achieved. And the carbon 
nanotubes grew very short. On average it is about 50 um. A careful growth condition study was 
conducted, and a range of growth temperature and flow rate was scanned. The growth results 
were improved greatly (Fig. 3.29). The average length of the carbon nanotube was increased to 





Fig. 3.29 Lithography method effect 
 
However, as shown in Fig. 3.29, the growth results need several improvements 
1) the growth density is still very low 
2) there is a large amount of random direction growth of very short tubes 
The first problem was usually caused by the poor cleanliness of the surface and the second by the 
catalyst contamination on the surface. And both problems were caused by photolithography 
process to place the catalyst, it is easy to control the width and the length of the catalyst lines. 




contamination free. And any metal contamination could result at a contaminated growth. Also in 
order to liftoff the catalyst particles cleanly, the chips were usually liftoff in sonicated acetone. 
As we discussed previously, any defect on the surface could disturb the surface alignment 
growth. The sonication is in fact harmful for the surface alignment. The second method to place 
the Co catalyst film was designed to solve these problems without employing the 
photolithography. By covering the growth chip with a shadow mask, the Co catalyst could be 
placed onto the chip by direct electron beam evaporation. The shadow mask is a thin slice made 
of iron with a large array of lines etched though, shown in Fig. 3.30. A homemade clamp is 
designed to hold the catalyst shadow mask against the quartz chip firmly. After evaporation the 
shadow mask should be removed carefully. And relative movement between the shadow mask 
and quartz chip should be prevent, to decrease iron contamination. For the shadow mask method, 
since no solution or sonication is involved, the metal contamination is far less. In addition, no 
sonication was needed, so the alignment could be better. However since the width of the catalyst 
lines should be tens of microns, so the thickness of the shadow mask could not be too thick too. 
As a result, about 20 mils thick iron is selected. And to get very dense array growth, the distance 
between catalyst lines could not be too large. In this work, 300 um are selected. Since these lines 
were etched very densely in the thin iron slice, in order to avoid too much deformation in the 






























Furthermore, optimized flow and temperature conditions were achieved by testing CNT growths 
at different conditions. As we discussed before, a lower temperature could decrease the supply of 
carbon atoms and decrease the amorphous carbon contamination. However, as shown in Fig. 
3.32 the CNTs grow longer and cleaner but the density drops. 
 
Fig. 3.32 At lower temperature the CNTs grow cleaner but the density drops 
 
Also the thickness of the catalyst evaporated on the chip affect the result carbon nanotube 
density. Fig. 3.33 shows at a thickness of 5 nm. The tube density drops dramatically. 
 Fig. 3.33 Thicker catalyst laye
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Fig. 3.34 Improved CNT array growth results 
 
One major issue with ethanol grown carbon nanotube arrays was to reach a very low and stable 
flow rate. The directional growth could easily be disturbed by turbulence in feedstock flow. With 
a 2-inch wafer and very low flow rate, a very stable flow field could be developed in the growth 
chamber. This effect could be observed by comparing the growth result with and without the 
industrial standard flow meter. By optimizing each parameters carbon nanotube array growth 
with good length, perfect directional control, good repeatability, uniform and high density was 




A comparison of carbon nanotube array growth results under different condition was shown in 
Table. 1. From the table we could get that 
1. If the flow rate is too high, then the influences from other parameters are relatively 
negligible and all the results are not ideal. 
2. At the relatively low flow rate, the catalyst thickness affects the tube density, the catalyst 
placement method, growth temperature affect all aspects of growth results. 
Growth 
temperature 
H H H H H H H H L L L L L L L L 
Feedstock 
flow rate 
H H H H L L L L H H H H L L L L 
Catalyst 
placement 
P P S S P P S S P P S S P P S S 
Catalyst 
thickness 
H L H L H L H L H L H L H L H L 
Tube length 50 50 100 100 200 200 400 400 50 50 100 100 200 200 300 300 
Directional 
control 
B B B B O O G G B B B B O O G G 
Tube 
density 
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Currently, two transfer techniques (Fig. 3.35) have been invented and used wildly [50, 51]. One 
use evaporated gold film to grab and lift up carbon nanotubes, the other use a spun PMMA layer 
to transfer the carbon nanotube. The process details are listed following:  
Process 1. After the dense carbon nanotube array being synthesized, a layer of gold of about 
50-100 nm thick is evaporated over the whole chip. Then a large chip with carbon nanotubes 
grown over the whole surface could be broke into desired size. A piece of water solvable tape 
could then be placed on top of the gold film. After press the tape hardly, the tape could be 
peeled off. The tape will lift the gold film up with it, while the gold film will grab most of the 
carbon nanotubes from the quartz surface. Then the tape could be pressed onto a well-
cleaned target wafer, a silicon dioxide wafer for instance. After immersed in DI water to 
remove the tape, the target chip is immersed in Gold etchant for minutes to remove the gold 
layer. Finally the carbon nanotubes are successfully transferred onto the target chip. 
Process 2. After growth, a layer of polymer is spun onto the quartz chip. The polymer can be 
selected from a wide range of commercial available lithography materials, PMMA with 
different molecular weight for instance. Then a small baker of the potassium hydroxide and 
DI water solution of 1 M concentration is prepared. The quartz chip is immersed in the 
solution. The baker is then covered and heated to 80 degree C and kept at that temperature 
for about one hour. Then the PMMA layer will be etched away from the quartz wafer 





Fig. 3.36 CNT array transfer: PMMA film floating in DI water 
Then the PMMA layer is washed a couple of times in DI water to remove the residual 
potassium hydroxide. Then the PMMA layer floating on top of the DI water could be 
transferred carefully onto other chips (Fig. 3.37).  
 





Fig. 3.38 CNT array transfer: PMMA baked on target chip 
Finally the target chip is rinsed in Acetone and blow dry (Fig. 3.38). And finally, a hydrogen 
annealing process is applied to the target chip to remove the PMMA residual. Fig. 3.39 
shows a SEM image of the carbon nanotube transferred onto a silicon dioxide chip from a 






Fig. 3.39 SEM image of transferred carbon nanotube array 
 
These two transfer processes both have advantages and disadvantages. For the transfer process 
with gold as transfer medium, first the gold and the process of gold etching could dope the 
carbon nanotubes. Actually the gate sweep data shows that the nanotube arrays become more 
metallic after gold transfer process. Second usually gold etchant consists of strong acids that 
could etch the carbon nanotube by either adding defect or killing it. So even though this method 
is very easy to apply and manipulate since the mechanically strong water solvable tape is applied, 
it is not an ideal transfer process to get clean carbon nanotube array for further device fabrication 
purposes. In contrast, the polymer transfer process is much cleaner, since during the whole 
process the carbon nanotubes are only directly contacted by potassium hydroxide solution and 
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In this chapter the synthesis method for Carbon nanotubes are introduced. The CVD carbon 
nanotube growth method is discussed in detail, especially for flow alignment and surface 
alignment carbon nanotube synthesis. The factors that could affect growth results, including 
material, growth condition were analyzed. Also the mechanism of the directional growth is 
discussed. For the flow alignment growth a simple fluid dynamics analysis is conducted to 
explain the alignment mechanism. For the surface alignment on miss cut quartz wafer, a 
quantitative model developed by Xiao is studied. According to the findings of Xiao etc. the 
angle-dependent Van Der Walls interactions describes could explain the alignment on quartz, 
including for X,Y,Z and ST cuts, as well as quartz with disordered surface layers. Based on our 
understanding of the growth, both flow and surface alignment growths were conducted 
intensively. And great improvements of the synthesized results have been achieved. The 
cleanliness of the flow alignment carbon nanotube was improved. And the density and length of 
the surface alignment carbon nanotubes were increased. However, there is still instability in the 
growth system. The flow alignment carbon nanotube growth is affected by room humidity, 
which is hard to study in depth. And for the surface alignment carbon nanotube, a way to 
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HIGHLY ROBUST FABRICATION PROCESS 
FOR 





The potential applications of the molecular devices in electronics, biology and microfluidics 
raise great interests of measuring the electronic transport properties of single molecule, when 
connected between electrodes. Various lithographic methods have been developed to fabricate a 
molecule device, for example, mechanical controllable break junctions [1], electro-migrated gap 
[2] and lithography technique to create gap in nanotubes [3]. However, measurements are still 
done by using AFM [4] and STM [5] sometimes, to avoid the trouble during the fabrication 
process.  In fact, among those available techniques, gold electrode fabricated by electro-
migration is the most common way. However using this method, first, it is hard to control the 
nano-gap size; second, all the atoms on the surface could be bonding sites; finally, there is no 
method to control the type of metal molecule bonding. As an alternative approach, the 
exceptional electrical properties of single-wall carbon nanotubes (SWNTs) make them an 
excellent choice for source and drain electrodes in single-molecule devices. In addition to their 
electrical properties, SWNTs are composed of pure carbon, making them more conducive to the 
formation of stable chemical bonds with organic molecules, which is a problem with traditional 
gold electrodes [6]. Furthermore, their small size reduces the phase space for bonding, make the 
molecular connection process easier [3]. Such a SWNT-molecule device requires the formation 
of a nano-scale gap into which a single molecule can be inserted, which has proven to be quite 
challenging. Early SWNT-molecule device fabrication processes, which relied upon direct-write 
electron beam lithography, suffered from extremely low yield and poor repeatability. The 




In this paper, we proposed a new fabrication process for single molecule device. We have 
employed several recently developed techniques. The first technique was developed to 
synthesize parallel nanotube arrays [7]. The surface lattice of certain cut quartz chips was found 
to be able to guide the growth direction of the carbon nanotubes. By pattern a large amount of 
catalyst particles onto the quartz chip, very dense nanotube arrays can be synthesized on a 
predefined position. This very densely grown nanotube arrays are used in our process to scale up 
the fabrication process. The second technique was developed recently to pattern metallic 
electrodes separated by a nano-scale gap into which a single molecule may be inserted [8, 9]. 
The fabrication technique is self-aligned, requiring no extraordinary lithographic capabilities. It 
is capable of producing sub-10 nm gaps with very high yield. Control of the inter-electrode 
separation is determined by the oxidation of a thin sacrificial layer of Aluminum. However, in 
our work, we use this technique not to produce electrodes, but to make a pair of mask with nano-
gaps in between to create nano-gaps in carbon nanotubes. By involving these techniques the new 
developed process can fabricate nano-gap in nanotube arrays with better controlled size. And the 







Fig. 4.1 A schematic picture of nanotube device fabrication process, (a) nanotube growth and 
transfer, (b) leads, (c) burn extra tubes, (d) cut nanotubes, (e) reconnect nanotubes. 
 
Fig. 4.1 shows the schematic process of the fabrication process. First, nanotubes are grown on 
ST-cut quartz chips. The synthesis of carbon nanotube arrays on quartz has been widely studied. 
And Xiao etc. proposed the most promising theoretical explanation of the mechanism of the 
surface alignment [10]. To best assist the surface alignment guided growth, the quartz chip 
should be prepared with high cleanliness surface while keeping the highly organized surface 
atom alignment. Meanwhile, a recipe of very high temperature and extremely low feed stock 
supply rate is developed and employed during the synthesis procedure.   Parallel cobalt lines with 
about 1nm thickness are patterned onto the S-cut quartz chips and used as growth catalyst. 
Ethanol is used as carbon feedstock, and the growth is done at the temperature of about 870 °C, 
because the ethanol self decompose at this temperature is much better controlled, consequently 
the nanotube growth is cleaner.  After carbon nanotube arrays are grown on the quartz chip, they 
are transferred on to a silicon wafer. Two different techniques are compared. First one is using 
gold and water soluble tape [11]. After evaporate about 100nm gold onto the carbon nanotubes, 
the gold layer is peeled off by using a water soluble tape. Then tubes can be transfer onto target 
chip. And the chip is treated in a sequence of DI water, commercial gold etchant and piranha. 
The tape is strong so it is easy to manipulate. However, because the metal, strong acid and tapes 
are involved, so the nanotubes are usually heavily doped or killed. And the tube contact 
resistance is usually high. The second transfer technique is PMMA transfer [12]. A layer of 




PMMA could produce a cleaner carbon nanotube, while a thicker PMMA could result in more 
contaminated carbon nanotube array. Then the growth chip is baked at 180 °C for about 1 hour 
and dipped into the KOH solution with 1M concentration. After about 1 hour in the KOH 
solution, the PMMA layer can be peeled off and transferred onto the target chips. The PMMA 
layer is very thin and easy to break, however this method protect the nanotubes very well and 
give good contact between tubes and leads, also the transfer material which is PMMA can also 
be the writing material for electrodes, so this process saves time and lower the cost. After the 
tubes are transferred onto the target region of a silicon wafer, leads are put onto the nanotubes by 
e-beam lithography. Then, a mask is created with photo resist to cover a region on the target area 
and the tubes on the rest of the chip is burned by oxygen plasma, by changing the width of the 
resist mask, the number of the tubes remaining between leads can be roughly controlled. After all, 
a self-aligned fabrication technique is employed to cut the CNT arrays. And molecules can be 
positioned to reconnect the tube finally. 
 
Fig. 4.2 A schematic picture of self-aligned nano-gap creation process, (a) pattern of the silicon 
dioxide layer and aluminum, (b) lateral oxidation of the aluminum layer, (c) evaporated second 





The steps for the self-aligned fabrication of the mask with nanogap, shown schematically in Fig. 
4.2, involves several lithographic steps. The first step is the patterning of a layer of silicon 
dioxide and aluminum by a double-layer PMMA electron beam lithography. The sample is first 
spin coated with a layer of PMMA with a smaller molecular weight and then a second layer of 
PMMA with larger molecular weight. A rectangular pattern is created in the double layer PMMA 
by E-beam lithography. After lithography steps, a silicon dioxide or metal film is deposited by 
electron beam evaporation, followed by a layer of Aluminum, which is deposited in situ directly 
after the silicon dioxide. After removal from the electron beam evaporator, the sample undergoes 
liftoff in acetone at room temperature. The first silicon dioxide pattern covered by the Al film is 
shown schematically in Fig. 4.2a. Aluminum oxidizes easily in air and is known to form a robust 
native oxide layer with thickness of a few nm (Fig. 4.2b). Then the chips are put into the electron 
beam evaporator for the evaporation of a second layer of silicon dioxide layer (Fig. 4.2c). At this 
point in the process, the Al is removed by immersion in a commercial aluminum etchant solution. 
Then, a narrow gap is formed between the two layer of silicon dioxide (Fig. 4.2d), and the 
nanotubes exposed in the gap could be cut by oxygen plasma. During this fabrication process, 
low evaporation speed and thin resist layer is critical to avoid the edge of the evaporated material 
from blurred. Too blurred edge will create a huge gap. 
Since carbon nanotube arrays are going to be cut with this technique, it is critical to keep the tube 
away from contamination. First, metal was chosen as the layer under aluminum, because of its 
relatively small grain size compared with the one for SiO2. Two processes were first developed 
by using PMGI (MicroChem product) as a sacrifice layer under the metal mask. By using PMGI, 




defects in carbon nanotubes. A double layer PMMA E-beam lithography is used in the first 
process and A single layer PMMA lithography in the second, as shown in Fig. 4.3. 
 
Fig. 4.3 Lithography processes designed based on sacrifice layer PMGI. 
However, due to the sensitivity of PMGI to electron beam exposure, the sacrifice layer was 
developed no matter how small the beam current went. As a result, SiO2 is the selected as the 
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Fig. 4.5 Nanotube devices SEM images, (a), (b) nanotube arrays grown on S-cut Quartz chip ((b) 
upper right corner: SEM after transfer), (c) nanotubes between leads 
 
By modifying the growth condition, including using shadow mask to place the catalyst onto 
chips and lower the input feedstock flow rate, a long and very dense carbon nanotube (1 tube per 
100 nanometer) growth could be achieved fig. 4.5a and fig. 4.5b. Fig. 4.5c shows the nanotubes 
remain between leads after burning the extra tubes.  
According to previous study, the following steps for the self-aligned fabrication of the mask with 
nanogap were designed. The sample is first spin coated with a layer of co-polymer MMA-MAA 
and then a second layer of PMMA 950 A1, with a total thickness up to 150 nm. Exposure is done 
in an FEI Sirion scanning electron microscope equipped with a pattern generator and control 
system from J.C. Nabity, Inc. The first silicon dioxide and aluminum layer consists of arrays of 
rectangles with dimensions of about 100 um * 7 um. These rectangular of materials cover half 
the leads and half the nanotubes which are not covered by the leads. Following exposure and 
PMMA development in a mixture of MIBK to IPA (1:3), a silicon dioxide film with thickness of 
about 20 nm is deposited by electron beam evaporation, followed by a layer of Aluminum. The 




undergoes liftoff in acetone at room temperature as previously described. The second layer of 
silicon dioxide is chosen to be about 20 nm. As a result, a narrow gap is created as designed. 
 
Fig. 4.6 SEM and TEM images of nanogap, (a) SEM image of a 6 nm gap, (b) TEM image of a 5 
nm gap 
 
Figure 4.6 shows the gap size image of the SEM image. Because the Aluminum etchant could 
attack the silicon dioxide layer, so the liftoff of the AL layer is only done partially to expose the 
gap. From the SEM we could roughly tell that the gap size is about 6nm. Then we did all the 
lithography steps on a silicon nitride membrane with a thickness of 30nm from SPI supplies. The 
TEM image shows a thin lighter trench positioned between two large dark regions. The color of 
the trench is lighter because in the gap there is only the 30 nm thick membrane left. And the two 






Fig. 4.7 A real nanotube devices covered by cutting mask with a nanogap 
 
After test the self aligned nanogap creation technique on plain wafers, the fabrication is done on 
devices with nanotubes. Fig. 4.7 shows a sub 10 nm gap is successfully created onto a single 
nanotube device.  
 
Fig. 4.8 Backgate sweep of nanotube devices before and after cutting, (a) gate sweep of a single 





Fig. 4.8a shows the gate sweep of a single nanotube device. Under the gate voltage switched 
between -0.5 and +0.5 V, electrical probing of this carbon nanotube shows metallic behavior 
before cut and was completely shut down after cut. As shown by the red lines in Fig. 4.8b. Under 
the gate voltage switched between -15 and +10 V, electrical probing of seven devices with 
multiple carbon nanotubes between leads before the cut shows semiconducting behavior or a 
combination of metallic and semiconducting behavior. However, after the cut, there is no 
significant current between leads any more.  
 
4.4 Conclusion 
We have demonstrated a new method for fabricating nanogaps in carbon nanotube arrays for 
fabricating single molecule devices. By combining several recently developed techniques, 
including the nanotube array growth, nanotube transfer techniques and the completely self-
aligned, relying upon the oxidation of a thin layer of Al to determine the size of the nanogap, this 
fabrication process could make hundreds of molecule devices at the same time. This work solves 
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NOVEL TECHNIQUE FOR GAP FORMATION 
IN 






As introduced in Chapter 1, developing single molecule devices for conductance measurement of 
molecules has attracted increasing interests due to various applications such as a bio-sensor, etc. 
Different types of lithographic processes including mechanical controllable break junctions [1], 
electro-migrated gap [2] and direct etching nanometer size gap in carbon nanotubes [3,4] have 
been developed to overcome the technical challenges in fabricating a single molecule device.. 
Gold has been utilized for electrode of molecular junction due to high conductance. However, it 
is reported that gold electrode is not ideal in this case, because it is hard to control the size of 
nanometer gap and all the atoms on the surface could be bonding sites. Especially, there is no 
method to control the type of metal-molecule bonding. On the other hand, the unique physical 
and chemical properties of single wall carbon nanotube (SWCNT) have shown a better 
alternative approach. In addition to its own great electrical properties, the carbon atoms in 
SWCNT provide highly conducive and stable chemical bonding with organic molecules. 
Furthermore, connecting molecules to ends of SWCNT is much easier because small size of 
SWCNT reduces the phase space for bonding [3]. To fabricate such a SWCNT-molecule device, 
a nano-scale gap is required between ends of SWCNTs, where a single molecule can be inserted. 
SWCNT-molecule devices have been fabricated by employing direct-write electron beam 
lithography [3]. However, this method has extremely low yield and poor repeatability. Therefore, 
new technique to produce nanometer size gap in SWCNT is required for large-scale single 
molecule junction devices.  
In this paper, we propose a new fabrication process for large-scale single molecule junction 




new technique of nanometer size gap formation, fabrication of single molecule junction devices 
was scaled up. It is known that growth of carbon nanotube can be guided and well aligned on the 
top of annealed quartz substrate [9]. In this experiment, catalyst layer of cobalt (1.5nm thick) was 
deposit by electron beam evaporator onto the quartz chip. This thin layer was transformed to 
metal particles with a diameter similar to carbon nanotube. By annealing a quartz chip at 890°C 
in flow of ethanol, carbon nanotube array was synthesized. The dense and aligned carbon 
nanotube arrays grown through this process was used for fabrication of nanometer size gap in 
carbon nanotubes. It has been known that thin film of aluminum is bent due to built-in stress. [6] 
Using this bending of aluminum thin layer, production of sub-10 nm gaps was achieved with 
very high yield. Size of gap between carbon nanotubes can be controlled by changing the 
thicknesses of a double-layer of PMMA and the evaporated aluminum layer. Therefore, the new 
developed process can fabricate nano-gap in nanotube arrays with better control of gap size and 
facilitates scale-up of self-aligned nanometer gap formation, requiring no extraordinary 
lithographic capabilities.  
5.1.1 Process and challenge of previous technique 
The self-aligned technique to create nanometer gap was developed by Tang and collaborators [7, 
8] to fabricate electrodes for single molecular devices, where metal was evaporated instead of 
silicon dioxide. Later on, Shan etc. modified this technique and successfully fabricated 
nanometer gap in carbon nanotube with a similar approach.[5] In the later work, the silicon 
dioxide layer with a small gap was evaporated and used as an etching mask. By using plasma 





5.1.2 The use of the bending of the aluminum layer 
Above mentioned techniques requires several critical steps, which are difficult to be well 
controlled. One of them is evaporation of the silicon dioxide and aluminum sacrifice layer. As 
we discussed, the gap is created by the lateral extension of the aluminum layer. In order to better 
control the gap size created, the cross-section of the evaporated silicon dioxide and aluminum 
layer must have vertical wall for clear etching of carbon nanotube after the aluminum layer was 
oxidized. E-beam evaporation is one of the most ideal methods to deposit a uniform and 
continuous film onto substrate. However, the evaporation usually generates a built-in normal 
stress in the deposited material. The built-in stress could be either compression or tension. 
Because of the normal stress, the surface of material evaporated onto a soft or flexible substrate 
is generally non-flat and non-uniform. A direct evidence of this phenomenon could be observed 
during a fabrication process using PMMA as lift-off sacrifice layer. During evaporation of metal, 
the stress is built in the evaporated thin layer and the evaporated material on top of the PMMA 
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Figure 5.2 a) and b) shows the SEM picture of the cross-section in the opened window in double-
layer PMMA layer after evaporation of Aluminum and Chromium respectively. The declined 
wall with a slope forms as shown in Fig. 5.2a. In addition, it can be clearly seen that a 
deformation of undercut structure is formed regardless of the direction of the normal stress (Fig. 
5.2). The double-layer PMMA (top layer PMMA 950 A1, bottom layer MMA-MAA co-polymer) 
forms an undercut structure after development, which makes bending of thin aluminum layer 
easier. In the meantime, the area of evaporated material on substrate is increased marked by 
yellow line. It can be estimated that bending of the evaporated material occurs during 
evaporation process from the wall shape of the evaporated thin layer in Fig. 2. It was shown in a 
schematic picture (Fig. 5.3) that wall of the deposited thin metal layer on PMMA is not vertical 
and thickness of the e-beam evaporated material becomes thinner toward the edge. A small gap 
of a few nanometers is formed between two sides of bent layer (left) and bottom layer (right) as 
shown in Fig. 2.  
 





Since bending of deposited thin metal layer on double-layer PMMA pattern is a result of intrinsic 
property of e-beam evaporation and built-in stress in thin metal layer, we can fabricate long and 
uniform nanometer size gap with high reproducibility and uniformity created along the line 
pattern written by e-beam as shown in Fig. 5.4. With careful control of process, bending of the 
evaporated aluminum thin layer can be controlled until the edge reaches the surface of the 
substrate. Nanometer size gap of two aluminum thin layers formed on top of carbon nanotube 
arrays can be used as an etching mask to produce the same gap in carbon nanotubes. By applying 
plasma etch afterward; nanometer size gap in carbon nanotube was created. 
 
Fig. 5.4 Long and uniform gap created by bending process of aluminum thin layer on PMMA 
during e-beam evaporation. 
 
5.2 Control of gap size 
5.2.1 Mathematical analysis 
In order to better control the gap size created by this technique. A comprehensive mathematical 
model was built and analyzed. First, several assumptions were made: 
a. The bending is assumed to take place after finishing the evaporation, so the slope of the wall 
of the evaporated material is neglected. 




c. The bending stops when the outer point of the upper aluminum layer reaches the Si wafer 
surface. 
The different thermal physical properties of the PMMA and Aluminum materials generated an 
interfacial stress. The interfacial stress can be mathematically described as an equivalent 
concentrated moment applied at the free end of the double layer undercut by using the Stoney’s 
model. The concentrated moment and the resulted bending of the PMMA/Aluminum layer can 
be calculated by the following mathematical equations: 
ܧ	ܫ	 ݀
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x　 is the is the spatial coordinate along the undercut length,  
υ(x)　 the vertical displacement,  
E　 the Young’s modulus,  
I　 the moment of inertia 
M　 the equivalent applied moment. 






Since the Young’s modulus and moment of inertia can be described by: 
 







w　 the width of the PMMA-Aluminum layer 
t  the 　 thickness of the PMMA-Aluminum layer  
σ　 the differential surface stress between the Aluminum and PMMA layers 
Therefore, the displacement curve can be described as: 
 




The accuracy of the Young’s modulus for the aluminum and PMMA layers equation can be 
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Since the thickness of the Aluminum layer is negligible comparing with the thickness of the 
PMMA layer. The resulting surface stress created by the temperature drop after the E-Beam 
















 is the thermal expansion coeffi　　 cient 
　T　 is the external variation of temperature.  
 
Finally, by neglecting the temperature dependence of the Young modulus of the materials, we 
obtain a linear dependence with the temperature and the vertical displacement: 
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where t is the total thickness. 
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A 2-D FEM model was developed in COMSOL and the result is presented in Fig. 5.6. A stress 
was generated at the interface of the double layer material when the temperature was dropped 
from an initial temperature (~ 700K). The nanometer size gap is self-generated when double 
layer cantilever structure bend toward the substrate.  
   
 
Fig. 5.6 FEM simulation of the gap generation process (Unit: nm) 
 
According to this model the gaps size is decided by a combination of the thickness of double 
layer PMMA and the length of the undercut and the temperature drop after E-Beam evaporation. 
A series of combination of the changing variables are input to the model and the resulting data 
was shown as a contour in Fig. 5.7. The goal of the gap size is below 10 nano-meter. As a result, 
if the thickness of the double layer PMMA is above 100nm then a relatively long undercut is 
required. However, due to the limited thickness of the upper PMMA layer, a large undercut 
could cause a collapse of the upper PMMA layer. So the thickness of the double layer PMMA is 
suggested to be less than 100 nm by this calculation result. 
 Fig. 5.7 C
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20 88 55 6.3  
20 108 60 5.8  
20 56 40 5.7  
20 42 35 5.4  
25 63 45 10.1  
25 48 40 9.3  
25 96 60 8.8  
25 56 40 7.9  
25 42 35 7.2  
25 49 35 6.7  
25 88 55 6.6  
25 108 60 5.8 
25 100 55 3.0 







Fig. 5.8 an angled SEM image of a ~6.3 nm size gap (a ~6.3 nm size gap was generated by: 35 
nm thick Co-polymer, 20 nm 950K PMMA and about 100 nm size undercut) 
 
5.2.2 Experiments and results 
According to the calculation of our mathematical model, the substrate was spin-coated with co-
polymer (MMA-MAA, EL6, 40nm) as bottom layer and then PMMA (950K, A1, 20nm) as top 
layer, which form a total thickness of 60 nm. Since the material of double layer PMMA is set, 
the undercut is only influenced by the E-beam writing dosage. Consequently, effect of e-beam 
dosage on the gap size is also studied. Double-layer PMMA was used as a resists layers of 
electron beam lithography. Exposure of e-beam was conducted with an FEI Sirion scanning 
electron microscope equipped with a pattern generator and control system (J.C. Nabity, Inc.). 
The exposed pattern consists of rectangle arrays with dimensions of 100μmx7μm. After 
development of PMMA in a mixture of MIBK and IPA (1:3), aluminum film with thickness of 
10 nm is deposited by electron beam evaporation. By carefully control the thickness of PMMA 
layer and the dosage of the e-beam writing different size of gap could be created. When dosages 
are 350, 300, 250, and 200μC/cm2, the widths of produced gaps are 10nm, 6nm, 4nm, and 3nm, 
respectively. Figure 5.9 shows the nanometer size gaps with different sizes created by this 
process. 
 





C    D 
Fig. 5.9 Nanometer size gaps produced with different e-beam dosage and bending process of 
aluminum thin layer on double-layer PMMA. (A:~10nm, B:~6nm, C: ~4nm, D:~3nm) 
 
5.3 The application of aluminum layer as a cutting mask to create gap 
The aluminum thin layers with separation of a few nanometers were used to create a nanometer 
size gap in carbon nanotube. Carbon nanotubes were grown on ST-cut quartz chips. The 
synthesis of carbon nanotube arrays on quartz has been widely studied. The following cleaning 
steps of quartz chips assist the surface alignment guided growth of carbon nanotubes. The diced 
quartz chips were cleaned by sonication in acetone and IPA, followed by drying with nitrogen 
blow. To produce dense and aligned carbon nanotube arrays, high temperature and extremely 
low feed stock supply rate were employed Parallel cobalt lines with 1.5nm thickness, which is 
used as catalyst of carbon nanotube growth, were patterned onto the S-cut quartz chips by using 
a shadow mask. Ethanol was used as carbon feedstock and growth temperature was 890°C. After 
carbon nanotube arrays were grown on the quartz chip, they were transferred onto a silicon wafer 
with SiO2 of 300nm thickness as previously reported [9]. After the carbon tubes were transferred 
onto target region of silicon wafer, electrode leads were formed on the carbon nanotube arrays by 





Fig. 5.10 Optical image of the gold leads of the carbon nanotube array device 
The dense carbon nanotube arrays in that device were shown in Fig. 5.11.  
 
Fig. 5.11 SEM image of the carbon nanotube array device 
 
Then, fabrication process of nanometer size gap as mentioned above was employed to cut the 







Fig. 5.12 AFM image of several gap created in the carbon nanotube 
Figure 5.13 shows the back gate sweep of five carbon nanotube devices consisting of multiple 
carbon nanotubes, where silicon is used as a back gate. In the gate voltage region between -10 
and +10 V, electrical probing of these carbon nanotubes shows a combination of metallic and 
semiconducting behaviors before cutting and complete shut-down after cutting. As shown by the 
dark lines in Fig. 5.13(b), device 1 is located more near the catalyst region. According to SEM 
image of device 1, there are more carbon nanotubes between the leads, so there should be higher 
current flow compared with other devices. Because of different densities of carbon nanotubes 
between two leads in these devices, measured currents in each device show different values even 
at same source-drain bias. As shown in Fig. 5.13(a), the current of device 1 is about 10 times 





a                                                               b 
Fig. 5.13 Back gate sweep of nanotube devices before and after cutting, (a) gate sweep of 5 CNT 




We demonstrate a new fabrication method to create nanometer size gap in carbon nanotube 
arrays. By combining several recently developed techniques such as carbon nanotube array 
growth, nanotube transfer technique, completely self-aligned nanometer size gap was formed in 
carbon nanotube array. The size of this gap can be controlled by built-in stress and bending of 
aluminum thin layer on double-layer PMMA. These carbon nanotube arrays with small gap 
could be used as large-scale single molecule device arrays. Through this fabrication process, we 
could make hundreds of single molecular junction devices at the same time. We believe that this 
work can solve one of the most critical problems in fabrication of large-scale devices and 
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Single wall carbon nanotube has been a great interest of researchers and engineers for more 
about two decades. It has great electrical and mechanical properties. However due to the intrinsic 
difficulty associated with the fabrication and manipulation of carbon nanotube, the real world 
application of carbon nanotube has been very limited. Application based on randomly spun 
SWCNT films was easier to fabricate and the application has been wildly studied [1, 2]. Recently 
Maune et al. achieved the placement of single carbon nanotube by using DNA origami to create 
a cross junction [3]. This could potentially be solution to manipulate single carbon nanotube. In 
fact with this method, we could modify the carbon nanotube chemically in solution and place it 
with DNA origami into a predesigned electrical circuit. To successfully using this method we 
need very large quantity of single carbon nanotube in solution.  However, the commercially 
available carbon nanotube are all mostly bundles due to the synthesize process [4]. And even if 
the carbon nanotube bundles could be break into single tubes, the bulk of carbon nanotubes are 
delivered with a variety of length which is not controllable.  
In this paper, we proposed a new fabrication process to produce large quantity of single wall 
carbon nanotube as a material. We have employed the nanotube array synthesize techniques [5] 
on quartz to increase the yield. On quartz, the surface lattice was perfectly aligned; this lattice 
could be improved by a high temperature annealing. And it was found that carbon nanotubes 
could be guided perfectly on top of the quartz [6]. A layer of about 1nm of catalyst material was 
deposit by electron beam evaporator onto the quartz chip. From which the carbon nanotube could 
be synthesized. The second technique we employ to fabricate those single wall carbon nanotube 




process [7]. And since then, large group of researcher and engineers has been trying to improve 
this fabrication technique. Now it has been wildly proved that nanoimprint could repeatedly 
create nanometer features by a very simple mechanical press process in imprint resist [8, 9]. By 
involving these techniques the new developed process can fabricate very large quantity of carbon 




Fig. 6.1 A schematic picture of nanotube fabrication process, (1) nanotube growth, (2) 
nanoimprint, (3) burn and cut nanotubes, (4) remove the imprint resist. 
Fig. 6.1 shows the schematic process of the fabrication process. First, nanotubes are grown on 
ST-cut quartz chips. The synthesis of carbon nanotube arrays on quartz has been widely studied. 
To best assist the surface alignment guided growth, the quartz chip should be prepared with high 
cleanliness surface while keeping the highly organized surface atom alignment. Meanwhile, a 
recipe of very high temperature and extremely low feed stock supply rate is developed and 
employed during the synthesis procedure.   Parallel cobalt lines with about 1nm thickness are 




feedstock, and the growth is done at the temperature of about 890 °C. This temperature is chosen 
because of two reason, first the ethanol self-decompose faster at higher temperature, this will 
make the nanotubes covered with more amorphous carbon, Second higher temperature will result 
a higher density of tube synthesized. After carbon nanotube arrays are grown on the quartz chip, 
a layer of PMMA with a molecular weight of 35K was spun onto the chip with a spin speed of 
3000 RPM for 45seconds. This will create a roughly 100 nm PMMA layer resist on top of the 
grown carbon nanotubes. The PMMA with the molecular weight of 35 K is chosen, because of 
two reasons, first the lower molecular weight PMMA has lower viscosity and is easier to be 
imprint, second the residual of low molecular weight PMMA can be cleaned off easier. But a 
PMMA with too low molecular weight could be not sufficient to protect the covered carbon 
nanotubes. Different than the traditional nanoimprint process the chips with PMMA spun on are 
directly put into the imprint chamber (Nanonax NX-B200) with a mold etched with about 200 
nm height feature. Then the imprint process is stared. The nanoimprint process consists of four 
parts. Firstly for about 10 seconds; the target chip was preimprint at a low pressure level (20 Psi). 
And then the target chip was heated to a temperature of 160 C. the temperature was chosen to be 
160 since the PMMA will be in viscous status at a temperature above 120 [10], and if the 
temperature is too high then the PMMA will bind with the carbon nanotube and very difficult to 
clean off. After this, a high pressure is applied, for 5 minutes. At last, the chip and the mold were 
cooled to room temperature and the high pressure was released. This nanoimprint process will 
mirror the feature of the mask into the imprint resist. And accordingly, a etching mask was 
created. Then the chip is put into plasma etching chamber. After about 10 seconds of oxygen 
plasma etching, the scam layer and the carbon nanotube between the covered areas was etched 




immerse, the chip will be annealed at a temperature of 450 C in a flow of hydrogen and Argon 
gas mixture for 1 hour. At last, a chip of clean carbon nanotube with identical length was 
fabricated. Fig. 6.2 shows a carbon nanotube array fabricated by this process with a testing 
imprint mask (imprint feature area of about 4*10^4 um square). 
 
Fig. 6.2 A cut carbon nanotube array 
 
















Fig. 6.4 Optical image of the nanoimprint of the quartz without the light sink. 
 
In the Nanonex NX-B200 nanoimprint machine, the target chip was shined by a lamp to heat the 




the process only the mold will be heated to target temperature while the target chip and the 
imprint resist on top of it is still at relatively low temperature. As a result, the imprint is very 
uneven. To avoid this, a large silicon chips was placed beneath the target chip as a light sink. 
Since the energy could be absorbed by the light sink silicon chip, and the resist on top of the 
target chip could be heated by the heat transfer between the light sink and the target chip. The 
imprint results for quartz with and without the light sink are compared in Fig. 6.3 and Fig. 6.4. 
Without the light sink, we can see there is only limited area with imprinted feature. We can 
conclude that the light sink greatly improved the nanoimprint on quartz. 
  
Fig. 6.5 Optical image of the nanoimprint of the quartz with 1minute of prebake  
Unlike traditional nanoimprint process, the imprint resist on top of the target chip in this work 
was not processed with a prebake before putting into the nanoimprint chamber. The prebake 
process before nanoimprint is critical since there is solvent in PMMA or commercial 
nanoimprint resist solutions. These resist help spin the resist onto the chip evenly. After spin, 
there is still solvent residual in the resist layer. If not removed, during nanoimprint these solvent 




during imprint [11]. The resulted nanoimprint feature could be in-continuous. So generally, the 
prebake step could help improving the nanoimprint results. However in our application since we 
are imprinting over a very large area (inches by inches) with very high density of extremely 
small features (for example lines with width less than 1 um), so the high imprinting pressure 
(500 Psi) could be insufficient to press the mold into the resist if the imprint resist does not have 
enough liquidity. By not prebaking the target chip, a small amount of solvent will be left in the 
imprint resist. And this solvent could provide a higher liquidity to the resist. Fig. 6.5 shows the 
nanoimprint results on quartz sample with 1 minute prebake after spin coating the imprint resist. 








Fig. 6.6 Optical image of the nanoimprint of the quartz with 10 seconds of prebake  
Fig. 6.6 shows the nanoimprint results on quartz sample with 10 seconds prebake after spin 
coating the imprint resist. Actually, great improvement was achieved. The imprint features are 
very uniform. The features was successfully imprinted onto the target chip, with the additional 






















Fig. 6.8 AFM image of the nanoimprint of the quartz without prebake. 
 
Fig. 6.7 shows the nanoimprint results on quartz sample without prebake after spin coating the 
imprint resist. Fig. 6.8 shows the AFM image of the nanoimprint results. We can see without 
prebake, for 35K PMMA the feature could be uniformly imprinted onto the whole chip. In 
addition we found that, the nanoimprint without prebake could result in bubbles in imprinted 
feature. But the imprinted features serve as an etching mask. As a result, even there are bubbles 




nanotubes were etched away. This is much better than when the features are not imprinted and 
the nanotubes could have different lengths. 
6.4 Oxygen plasma etching 
  
  















Plasma etching is another critical step, which leads to unsuccessful results if not well controlled. 
Even though during the plasma etching step, there is a mask of about 150-200 nanometer thick of 
resist covering on top of the carbon nanotubes, 10 seconds of oxygen plasma (Fig. 6.11) is used 
in this work to etch away the carbon nanotubes between the mask instead of a longer etching 
time (Fig. 6.9, fig. 6.10). That is because according to our experimental results a longer etching 
time will make dirtier nanotubes. And when the etching time is sufficient long, the carbon will 
agglomerate onto the chip and not be able to be removed. Two possible explanations were 
proposed here. One is that, the quartz is a very good heat insulator, and during the oxygen 
plasma, the “extra” plasma could heat the local surface of quartz to a relatively high temperature. 
And the PMMA could be decomposed at this high temperature. And the resulted residual could 
bond with the carbon nanotube and quartz surface very firmly. So a very precise plasma etching 
time could help us create cleaner carbon nanotubes. We conclude with about 10~20nm thickness 
of scum layer, 10 seconds of etching time is much cleaner than the one with longer etching time. 






Fig. 6.12 AFM images of cut carbon nanotube arrays 
Figure 6.12 shows the AFM image of the successfully cut carbon nanotubes. From the AFM 
image we could tell that this imprint method could produce carbon nanotube arrays with very 
uniform length over a very large area. Fig. 5 shows the length of the carbon nanotubes produced 
with 1 um line width and 1 um pitch  
6.6 Conclusion and future work 
We have demonstrated a new method for fabricating carbon nanotube arrays with identical 
length on top of quartz. By combining several recently developed techniques, including the 
nanotube array growth, nanoimprint technique. And by modifying the traditional nanoimprint 
process, this fabrication process could make millions of carbon nanotube sections with indentical 
length easily. A continuous research needs to be conducted to prepare these single wall carbon 
nanotubes with shorter length. When 20~50 nanometer of carbon nanotube array could be 




hydrophilic group at both ends of the SWCNT sections. Then the carbon nanotubes could be 
easily dissolved into solution for further application purpose. This work solved one of the most 
critical problems and will accelerate the research on single wall carbon nanotube. 
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